In the budding yeast Saccharomyces cerevisiae, the G1-specific cyclin-dependent kinases (Cdks) Cln1,2-Cdc28 and Pcl1,2-Pho85 are essential for ensuring that DNA replication and cell division are properly linked to cell polarity and bud morphogenesis. However, the redundancy of Cdks and cyclins means that identification of relevant Cdk substrates remains a significant challenge. We used array-based genetic screens (synthetic genetic array or SGA analysis) to dissect redundant pathways associated with G1 cyclins and identified Bni4 as a substrate of the Pcl1-and Pcl2-Pho85 kinases. BNI4 encodes an adaptor protein that targets several proteins to the bud neck. Deletion of BNI4 results in severe growth defects in the absence of the Cdc28 cyclins Cln1 and Cln2, and overexpression of BNI4 is toxic in yeast cells lacking the Pho85 cyclins Pcl1 and Pcl2. Phosphorylation of Bni4 by Pcl-Pho85 is necessary for its localization to the bud neck, and the bud neck structure can be disrupted by overexpressing BNI4 in pcl1⌬pcl2⌬ mutant cells. Our data suggest that misregulated Bni4 may bind in an uncontrolled manner to an essential component that resides at the bud neck, causing catastrophic morphogenesis defects.
INTRODUCTION
Cell cycle commitment in budding yeast is defined by a regulatory transition called START, after which cells initiate bud formation, spindle pole body duplication, and DNA replication (Tyers, 2000) . Passage through START requires a buildup of cyclin-dependent-kinase (Cdk) activity, through activation of two sets of genes: CLN1 and CLN2, which encode cyclins that activate the Cdk Cdc28, and PCL1 and PCL2, which encode cyclins that activate the Cdk Pho85. The G1 cyclins are genetically redundant, because strains lacking any three of these cyclins still undergo cell cycle progression. However, a strain lacking all four G1 cyclins experiences a catastrophic morphogenesis (Moffat and Andrews, 2004) , suggesting that Cln1 and Cln2, in association with Cdc28, work in parallel with Pcl1 and Pcl2, in association with Pho85, to regulate some essential morphogenesis event or events at the time of the G1/S transition.
As in other cells, polarized growth in budding yeast is a dynamic process linked to the cell division cycle. Early in the cell cycle, growth is polarized toward the bud tip and incipient bud site in an apical growth phase that permits bud emergence. Later, the growth orientation changes to isotropic, after which time the whole bud grows evenly in all directions. This allows the bud to enlarge and grow into an ellipsoidal cell. The switch from apical to isotropic growth correlates with changes in the structure of the septin ring (Faty et al., 2002) . Septins are a family of conserved filamentforming proteins that organize the cortex at the mother-bud neck (Longtine et al., 1996; Gladfelter et al., 2001) . The septins Cdc3, Cdc10, Cdc11, Cdc12, and Shs1 form a ring at the mother-bud neck, which acts as a barrier to prevent diffusion of integral and peripheral membrane proteins between the mother and the bud (Barral et al., 2000; Takizawa et al., 2000) . The septin ring undergoes dynamic structural changes over the course of the cell cycle (Longtine and Bi, 2003; Gladfelter et al., 2005) . The septin complex is essential for cell division; phenotypes of septin organization mutants include variations in septin localization, elongated buds, and wide necks (DeMarini et al., 1997; Cid et al., 2001; Gladfelter et al., 2005) .
BNI4, along with other genes including CLN1, CLN2, BNI1, BUD3, BUD4, and BUD5, contributes to septin assembly and regulation (Gladfelter et al., 2005) . Bni4 was originally identified as a scaffold protein that tethers the regulatory subunit of chitin synthase III, Chs4, to the bud neck through its interaction with septins (DeMarini et al., 1997; Kozubowski et al., 2003) . Bni4 also targets the catalytic subunit of type 1 protein phosphatase (PP1, Glc7 in yeast), in which it is required to direct chitin synthase to the neck (Larson et al., 2008) . Moreover, a genetic analysis identified several polarity genes that interact uniquely with BNI4, suggesting that Bni4 has other roles in bud neck organization This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc. E08 -12-1255) on May 20, 2009. beside its function in chitin regulation (Lesage et al., 2005) . Bni4 is a phosphoprotein (Walsh et al., 2002; Kozubowski et al., 2003) , and a mutant version of Bni4 that cannot bind to Glc7 exhibits hyperphosphorylation (Kozubowski et al., 2003) , but the role of phosphorylation in Bni4 regulation and the relevant kinase remain unknown.
We took a genetic approach to identify effectors of G1 cyclins in their role of regulating cell polarity. One type of genetic interaction we chose to examine was synthetic lethality (SL). Two genes show an SL interaction if the combination of two mutations, neither by itself lethal, causes cell death (Boone et al., 2007) . Synthetic lethal interactions may occur for genes within two distinct pathways if one process functionally compensates for or buffers the defects in the other (Boone et al., 2007) . We reasoned that it should be possible to circumvent the genetic redundancy of the G1 cyclins by screening combinations of cyclin mutants for SL interactions. Information about genetic pathways also may also be revealed by systematic assessment of the effects of gene overexpression, which can perturb associated regulatory pathways. In particular, a synthetic dosage lethal (SDL) interaction occurs when overexpression of a gene is of little phenotypic consequence in a wild-type cell but causes a significant fitness defect when another gene is deleted (Kroll et al., 1996; Sopko et al., 2006) . We have shown that systematic SDL screens are an effective way to identify downstream targets of protein kinases (Sopko et al., 2006; Sopko and Andrews, 2008) . We reasoned that combining SL and SDL screens might be a particularly powerful genetic approach to identify substrates of redundant kinases. For example, because the Cln1, Cln2 pathway acts in parallel to the Pcl1, Pcl2 pathway, deletion of a gene encoding a specific target of the Pcl1, Pcl2 pathway could cause synthetic lethality in the absence of CLN1 and CLN2 and overexpression of the target gene could cause an SDL interaction when PCL1 and PCL2 are deleted ( Figure 1C) .
Using this approach, we identified BNI4 as a previously unappreciated target of the G1-specific Pho85 Cdks. We provide biochemical and genetic evidence that Bni4 is a substrate of Pcl1, Pcl2-Pho85 kinases and that phosphorylation of Bni4 regulates its subcellular localization. When an unphosphorylatable version of Bni4 is overexpressed, the septin ring structure is disrupted. We suggest that phosphorylation of Bni4 connects G1-specific cell cycle control to regulation of cell polarity at the bud neck.
MATERIALS AND METHODS

Yeast Strains, Plasmids, Growth Media, and Genetic Methods
Yeast strains were derived from BY4741 (Table 1; Brachmann et al., 1998) . All yeast gene disruptions were achieved by homologous recombination using standard polymerase chain reaction (PCR)-based methods, and verified by PCR and phenotypic analyses (Longtine et al., 1998) . Plasmids are listed in Table 2 . Point mutations were made using PCR-based site-directed mutagenesis (Sopko et al., 2006) and confirmed by sequencing. Standard media, genetic and molecular biological methods were used except where noted.
Screening for SL and SDL Interactions
SGA analysis (Tong et al., 2001 ) was used to identify genes required for the optimal growth of strains deleted for either CLN1 and CLN2 or PCL1 and PCL2. To select triple deletion mutants, multiple selection steps were used in SGA analysis. Followed by standard steps of mating, diploid selection, sporulation, and MATa-type haploid selection, cells were sequentially selected on haploid selection media plus G418 once, and haploid selection media plus both G418, nourseothricin, and hygromycin twice. From triplicate SGA screens for each query strain, potential interactions were identified and confirmed first by random spore analysis and then by tetrad dissection as described previously (Tong et al., 2004) . A modified SGA method was used to introduce an array of plasmids, each overexpressing a different gene, into strains deleted for either CLN1, CLN2 or PCL1, PCL2 as described previously (Sopko et al., 2006) . From triplicate screens, potential interactions were confirmed by serial dilution spot assays, comparing the growth of cells with overexpression of a given gene induced on SGal-ura plates (synthetic medium containing galactose and lacking uracil to select for plasmids) to that of cells not overexpressing the gene on SD-ura plates (synthetic medium containing glucose and lacking uracil). In addition, growth of strains overexpressing a given gene was compared with growth of the strain containing vector on SGal-ura.
Microscopy
Cells were imaged using two systems: 1) a CoolSNAP HQ high-speed digital camera (Roper Scientific, Trenton, NJ) mounted on a DM-LB microscope (Leica Microsystems, Deerfield, IL) and 2) a DMI 6000B fluorescence microscope (Leica Microsystems) equipped with a spinning-disk head and an argon laser (458, 488, and 514 nm; Quorum Technologies, Guelph, ON, Canada). Images from the confocal microscope were captured using an ImagEMcharge-coupled device camera (Hamamatsu Photonics, Hamamatsu City, Japan) and analyzed using Volocity software (Improvision, Coventry, United Kingdom). For Figure 4 , cells were placed onto a pad of 2% agarose in synthetic medium containing 2% glucose and imaged for yellow fluorescent protein as described previously (Kozubowski et al., 2003) . Fluorescence images in different z-axis planes (0.5 m apart) were acquired using SlideBook software (Olympus, Center Valley, PA). Fluorescence levels were quantified as described previously (Kozubowski et al., 2003) by using the average of four adjacent pixels and subtracting background fluorescence from the cytoplasm.
High-Throughput Microscopy
Ninety-four strains containing green fluorescent protein (GFP)-tagged proteins that localize to the bud neck or bud tip (BNT-GFP strains) were identified from the Yeast GFP Fusion Localization Database (http://yeastgfp.ucsf.edu/; Huh et al., 2003) and arrayed on a plate. Using the SGA method, the GFP-tagged bud neck genes were introduced into a pho85⌬NAT strain containing pGAL-GST-BNI4. As controls, the 94 GFP-tagged bud neck genes were introduced into a wild-type (WT) strain containing pGAL-GST-BNI4 and a pho85⌬ strain containing vector. The final strains were inoculated into YPR (rich medium containing raffinose) in a 96-well microtiter dish, and grown at 30°C to an OD 600 of ϳ0.6. Galactose was added to 2% to induce the overexpression of BNI4 and cells were grown for 4 h at 30°C. Differential interference contrast (DIC) and GFP images were captured using a highthroughput microplate imaging system (ImageXpress 5000A; Axon Instruments, Foster City, CA).
Cell Cycle Western Analysis
WT and pcl1⌬pcl2⌬ strains expressing BNI4-TAP or bni4-10A-TAP were synchronized using a GAL-CDC20 allele as described previously (Shirayama et al., 1999) . Cultures were first grown in YP ϩ raffinose to log phase, and then glucose was added to 2% and cells incubated at 30°C for 2 h to arrest cells in metaphase due to the depletion of Cdc20. Metaphase arrest of cultures was confirmed by microscopic examination. Cells were washed and the medium was replaced by prewarmed YPGal to induce expression of CDC20 and allow resumption of the cell cycle. Samples were collected every 10 min for Western blot, fluorescence-activated cell sorting (FACS) analysis, and assessment of budding index.
For Western blot analysis, 5 ml of culture was pelleted and resuspended in 375 l of prechilled pronase buffer (1.4 M sorbitol, 25 mM Tris-HCl, pH 7.5, 20 mM NaN 3 , and 2 mM MgCl 2 ), and cold trichloroacetic acid (TCA) was added to 10%. Samples were then stored at Ϫ80°C. To lyse the cells, an equal volume of glass beads was added, and samples were vortexed for 8 ϫ 1 min at 4°C, with 1-min rests. To separate the lysate from the glass beads, a hole was made in the bottom of the tube with a hot needle, and the lysate was centrifuged at 1000 rpm for 2 min. The beads were then washed twice with 5% TCA. After precipitating the proteins on ice for 10 min, the lysate was centrifuged at 4°C for 10 min at 12,000 rpm. Pellets were resuspended in Thorner buffer (8 M urea, 5% SDS, 40 mM Tris-HCl, pH 6.8, 0.1 mM EDTA, 0.4 mg/ml bromphenol blue, and 1% ␤-mercaptoethanol). Samples were heated at 90°C for 5 min before loading on 6% polyacrylamide gels. After electrophoresis, protein was transferred to polyvinylidene difluoride (PVDF) membranes following standard procedures. Peroxidase anti-peroxidase complex (PAP) (P3039; Sigma-Aldrich, St. Louis, MO) was used at 1:2000 dilution to detect TAP-tagged proteins.
For FACS analysis, 2 ml of culture was collected, washed with phosphatebuffered saline/0.1% Tween (PBST), and resuspended in 2 ml of PBST and 5 ml of ethanol. Samples were prepared for FACS analysis with Sytox Green (Invitrogen) and sonicated. Analysis was done using flow cytometry with FACSCalibur (BD Biosciences, San Jose, CA) and CellQuest ProSoftware (Verity Software House, Topsham, ME). For budding index, 0.8-ml samples were added to 88 l of formaldehyde to fix the cells, and then Ͼ100 cells were counted to determine the percentage of budded cells.
Kinase Assay
Recombinant Pcl2-Pho85, Pho85, and Cln2-Cdc28-Cks1 kinases were expressed and purified from insect cells and Pcl1 from Escherichia coli as described (Huang et al., 1999) . Bni4 was expressed as a C-terminal glutathione transferase (GST)-tagged fusion protein in Escherichia coli and purified using glutathione-Sepharose. Kinase assays were performed as described previously (Friesen et al., 2003) and included 10 nM Bni4 and increasing concentration of kinase. Kinase activity was assessed using previously defined substrates: the GPA-SH3 domain of Rvs167 for Pcl1-Pho85 and Pcl2-Pho85 (Friesen et al., 2003) and histone H1 for Cln2-Cdc28 (Wittenberg et al., 1990) .
Immunoblotting and Pulldown Assay
Western blots were probed with monoclonal ␣-myc 9E10 (sc-40; Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal ␣-GST (sc-138; Santa Cruz Biotechnology), ␣-GFP (BD Living Color JL-8; BD Biosciences) and polyclonal ␣-Rvs167 antibodies (Lee et al., 1998) . For the pulldown assay, cells were disrupted in lysis buffer (100 mM Tris-HCl pH 7.0, 200 mM NaCl, 1 mM EDTA, 5% glycerol, and 0.5% Triton X-100) and clarified by centrifugation at 13,000 rpm for 10 min. Crude extract was incubated with glutathione-Sepharose 4B beads (GE Healthcare, Chalfont St. Giles, United Kingdom) to purify GST-tagged and -associated proteins. Samples were separated on SDS 8 and 12% polyacrylamide gel and transferred to a PVDF membrane for detection.
RESULTS
Screens for Genes That Have Synthetic Lethal or Synthetic Dosage Lethal Interactions with G1 Cyclin Pairs
Because CLN1 and CLN2 function in parallel to PCL1 and PCL2, a genetic screen to identify genes that have synthetic lethal and synthetic sick (SL/SS) interactions with one set of G1 cyclins is likely to identify components in the parallel regulatory pathway regulated by the other set of G1 cyclins. More specifically, among the genes that have SL interactions with CLN1, CLN2, we expected to identify either upstream regulators or downstream targets of Pcl1 and Pcl2, and vice versa. We used the SGA method to conduct screens for SL/SS by using both a cln1⌬cln2⌬ strain and a pcl1⌬pcl2⌬ strain as queries. We identified 36 genes that caused an SL/SS phenotype in the absence of CLN1 and CLN2 ( Figure  1A ), including 11 previously known and 25 novel interactions. Screens for genes SL with PCL1, PCL2 identified no new interactions, but we confirmed three known interactions ( Figure 1A ). To home in on potential downstream targets of the cyclin pairs, we performed parallel screens for genes that have an SDL interaction with CLN1, CLN2 or PCL1, PCL2. The SDL screens identified 45 genes that caused a specific SDL phenotype in a cln1⌬cln2⌬ strain and three genes that caused SDL in a pcl1⌬pcl2⌬ strain ( Figure 1A) .
The roster of genes that have SL/SS and SDL interactions with G1 cyclins include genes involved in regulation of the actin cytoskeleton, chitin metabolism, vesicle trafficking, cell integrity, general transcription, and cell cycle. When we grouped these genes into categories defined by Gene Ontology (GO) cellular role (Dwight et al., 2002) , almost one third of the identified genes involved regulation of various cell polarity events ( Figure 1B ), confirming a significant and redundant role for G1 Cdks in controlling cell polarity (Moffat et al., 2004) . We reasoned that bona fide in vivo targets of G1 Cdks may show reciprocal patterns of SL and SDL interactions ( Figure 1C ). We identified BNI4 as a gene that showed an SL interaction with CLN1, CLN2 and caused SDL in the absence of PCL1 and PCL2, potentially placing Bni4 in a Pcl1, Pcl2-associated regulatory pathway, an idea we chose to explore further. In addition BNI4 had an SDL interaction with CLN1, CLN2 (Figure 2A ), suggesting that its regulation may be complex (see Discussion).
Phenotypes Caused by Overexpression of BNI4 in G1 Cdk Mutant Backgrounds
To confirm the SDL phenotype associated with overexpression of BNI4 in the absence of G1 Cdks, cultures of WT, cln1⌬cln2⌬, or pcl1⌬pcl2⌬ cells carrying pGAL-GST-BNI4, or vector control were tested by spot dilution on control medium (glucose) and plates containing galactose to induce BNI4 expression. BNI4 overexpression in either cln1⌬cln2⌬ or pcl1⌬pcl2⌬ led to a significant growth defect, whereas a wild-type strain overexpressing GST-BNI4, and a cln1⌬cln2⌬ and a pcl1⌬pcl2⌬ strain carrying vector grew normally (Figure 2A) . The growth defect caused by overexpression of BNI4 in the pcl1⌬pcl2⌬ mutant strain was associated with a dramatic morphological defect, with most cells having extremely elongated buds ( Figure 2B ). In contrast, overexpression of BNI4 in cln1⌬cln2⌬ strain did not cause elongated buds ( Figure 2B ). These results implicate Pcl1, Pcl2-associated Pho85 kinase activity in the regulation of Bni4 function, perhaps during the switch from apical to isotropic growth.
PCL1 and PCL2 Are Required for Phosphorylation of Bni4 In Vivo
To further explore the relationship between Pcl1, Pcl2-Pho85 and Bni4 in vivo, we used Western blot analysis to ask whether phosphorylation of Bni4 depends on Pcl1, Pcl2-associated Cdk activity. If phosphorylation of Bni4 depends on Pcl1, Pcl2-Pho85, we would expect an increase in Bni4 phosphorylation levels in a WT strain during the G1/S transition when Pcl1 and Pcl2 activities are at their peak (Measday et al., 1994 (Measday et al., , 1997 , but not in a pcl1⌬pcl2⌬ strain. To test this, we assayed Bni4 phosphorylation over the course of a cell cycle. We synchronized pcl1⌬pcl2⌬ or WT strains carrying a tandem affinity purification (TAP)-tagged allele of BNI4 in metaphase by manipulating CDC20 expression (Shirayama et al., 1999) . Samples were taken every 10 min after release, and protein was analyzed by Western blot ( Figure 3A , top). Analysis of budding index and by FACS confirmed that the WT and pcl1⌬pcl2⌬ cultures had a similar rate of progression through the cell cycle ( Figure 3A ). Although total Bni4 protein levels remained fairly constant throughout the cell cycle ( Figure 3A, top) , a slower-migrating form of Bni4-TAP began to occur in extracts from a WT strain 40 -50 min after release, when cells are transiting from G1 to S phase ( Figure 3A) , peaking by 60 min. Previous work established that the slow migrating isoform occurs due to Bni4 phosphorylation (Walsh et al., 2002; Kozubowski et al., 2003) . Phosphorylated Bni4 was significantly reduced in the pcl1⌬pcl2⌬ strain ( Figure 3A) , revealing a substantial dependence of Bni4 phosphorylation on Pcl1, Pcl2-Pho85 in vivo.
Bni4 Is Phosphorylated by Purified Pho85 Complexes and Associates with Pcl1 In Vitro
We next tested whether Bni4 can be directly phosphorylated by G1 Cdks using purified Pcl1-Pho85, Pcl2-Pho85, and Cln2-Cdc28 kinases in an in vitro kinase assay using [␥-32 P]ATP with Bni4-GST as a substrate. The Bni4-GST preparation used in these assays included both full-length fusion protein and a number of degradation products ( Figure 3B ). We confirmed that all three kinase preparations were active by assaying phosphorylation of previously characterized substrates: Rvs167 for Pcl1-Pho85 and Pcl2-Pho85 and histone H1 for Cln2-Cdc28 (data not shown). Bni4-GST was phosphorylated by both Pcl1-Pho85 and Pcl2-Pho85 and the extent of incorporation of ␥-32 P into Bni4-GST was proportional to the concentration of kinase ( Figure 3B ). We also detected some phosphorylation of Bni4-GST by Cln2-Cdc28, but the extent of phosphorylation was unrelated to the concentration of kinase. These results are consistent with our in vivo assays suggesting Bni4 may be a significant substrate of G1-specific Pho85 kinases.
We further explored the biochemical relationship between Bni4 and Pcl-Pho85 kinases by assaying their association in Figure 2 . Synthetic dosage phenotype caused by overexpression of BNI4 in the absence of G1 Cdks. (A) Cultures of WT cells carrying pGAL-GST-BNI4, cln1⌬cln2⌬ carrying vector (pEGH), cln1⌬cln2⌬ carrying pGAL-GST-BNI4, pcl1⌬pcl2⌬ carrying vector (pEGH), and pcl1⌬pcl2⌬ carrying pGAL-GST-BNI4 were serially diluted and spotted on both SD-ura and SG-ura plates. Plates were incubated 2 d for both SD-ura and SGal-ura plates at 30°C before being photographed. (B) Cultures were grown to log phase in SD-ura, and then transferred to SR-ura and incubated for another 5 h. Galactose was then added to 2%, and cultures were incubated at 30°C for an additional 4.5 h and examined by microscope. Bar, 10 m. In vitro phosphorylation of Bni4. C-terminal-GST-tagged Bni4, purified using an E. coli expression system, was mixed with kinase complex consisting of Pcl1 and Pho85; Pcl2 and Pho85; or Cln2, Cdc28, and Cks1; 32 P]ATP in kinase reaction buffer, and incubated at 30°C for 30 min. Reaction products were analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography (left). (C) Pulldown of GST-Bni4 and associated proteins from yeast extracts. Extracts were prepared from strain BY2131 PCL1-myc carrying pGAL-GST-BNI4 in which BNI4 expression had been induced for 3.5 h. Glutathione-Sepharose beads were used to pull down GST-Bni4, and associated proteins were analyzed by Western blot with anti-GST antibody to detect GST-Bni4 and with anti-myc antibody to detect Pcl1-myc. Western blot to detect GST in pull-down samples is not shown.
vitro. To examine the physical interaction between Bni4 and Pho85 cyclins, we focused on Pcl1, which is most easily purified from yeast extracts. We purified GST-Bni4 from extracts derived from a yeast strain expressing PCL1-myc and carrying pGAL-GST-BNI4. We found that Pcl1-myc copurifies with GST-Bni4, but not with GST alone ( Figure 3C ). Together, our in vitro and in vivo assays suggest that Bni4 is a direct substrate of Pcl1, Pcl2-Pho85.
Bni4
Localization to the Bud Neck Is Reduced in pcl1⌬pcl2⌬ and pho85⌬ Strains Next, we sought to discover the functional role of Bni4 phosphorylation by G1 Cdks. Because Bni4 is thought to act as a scaffold protein at the bud neck (DeMarini et al., 1997) , we reasoned that localization of Bni4 may be regulated by phosphorylation. To test this idea, we assayed localization of Bni4-mCitrine in various G1 cyclin/kinase deletion mutant strains: pcl1⌬pcl2⌬, pcl1⌬, pcl2⌬, cln1⌬cln2⌬, cln1⌬, cln2⌬ , and pho85⌬. The C-terminal GFP tag has been previously shown not to disturb Bni4 function (Kozubowski et al., 2003) .
Localization of Bni4 was clearly reduced in the pcl1⌬pcl2⌬ and pho85⌬ strains relative to either single cyclin mutant or wild-type strains, consistent with the genetic redundancy of the PCL cyclins (Figure 4 ; Moffat and Andrews, 2004) . Because BNI4 had an SDL interaction with CLN1 and CLN2, we also examined Bni4 localization in cln1⌬cln2⌬, cln1⌬, and cln2⌬ strains. As for the PCLs, deletion of either CLN1 or CLN2 had no obvious effect on Bni4 localization (Figure 4) . However, the Bni4-mCitrine signal at the bud neck was reproducibly increased in the cln1⌬cln2⌬ strain (Figure 4 ), consistent with a direct or indirect role for Cln-Cdc28 kinases in Bni4 regulation. We favor an indirect model because BNI4 has an SL interaction with CLN1, CLN2, suggesting that it is more likely working in parallel with Cln1, Cln2. Regardless, these data establish a requirement for Pcl1, Pcl2-associated kinase activity for proper localization of Bni4 to the bud neck.
Wild-Type Strains Overexpressing BNI4 Mutated at Putative Phosphorylation Sites Have Similar Morphology Defects to pcl1⌬pcl2⌬ Mutants
Our in vivo and in vitro assays demonstrate that phosphorylation of Bni4 depends on Pcl1, Pcl2-associated kinase activity. To further substantiate the view that G1 Cdks phosphorylate Bni4 to regulate its localization, we analyzed the phenotype associated with overproduction of versions of Bni4 with alanine substitutions at broadly defined Cdk consensus phosphorylation sites (S/TP). We predicted that overproduction of a hypophosphorylated derivative of Bni4 might mimic the effect we saw with overproduction of wildtype Bni4 in pho85⌬ or pcl mutant strains. Ten of 19 S/TP sites in Bni4 are conserved among closely related fungal species (Kellis et al., 2003, Figure 5A ). We reasoned that these conserved residues were more likely required for function, and we focused our mutagenesis effort on this subset of sites. First, we asked whether overexpression of a putative phosphorylation site mutant of BNI4 would recapitulate the SDL phenotype caused by overexpression of wild-type BNI4 in pho85⌬ mutant strains. Cultures of wild-type strains containing GAL-driven plasmids with single or various combinations of S/TP site mutations, along with appropriate control strains, were serially diluted and plated on galactose-containing and glucose-containing plates. Wild-type strains carrying plasmids with single mutations in putative Bni4 phosphorylation sites or combinations of two or three mutations showed no obvious growth defect when the overexpression of BNI4 was induced (data not shown; Figure 5B ). However, strains overexpressing versions of BNI4 with all conserved serines or threonines in S/TP sites substituted with alanines, bni4-10A, showed a moderate but reproducible growth defect ( Figure 5B ). This result suggests that phosphorylation of Bni4 at the S/TP sites we substituted has a role in preventing toxicity upon overexpression.
If the SDL phenotype of BNI4 in a pcl1⌬pcl2⌬ mutant were a consequence of not phosphorylating the 10 residues that were substituted with alanines, we would expect bni4-10A overexpression to generate the same level of toxicity in WT and in a pcl1⌬pcl2⌬ strain. As seen in Figure 5B , the pcl1⌬pcl2⌬ strain overexpressing bni4-10A was only slightly more defective in growth than WT overexpressing bni4-10A, suggesting that the SDL phenotype in a pcl1⌬pcl2⌬ results mostly from an inability to phosphorylate the 10 conserved S/TPs. Interestingly, the pcl1⌬pcl2⌬ mutant overexpressing WT BNI4 grew more slowly than the pcl1⌬pcl2⌬ mutant overexpressing bni4-10-A ( Figure 5B ). This suggests that another kinase, perhaps acting in opposition to Pcl1, Pcl2-Pho85, may phosphorylate Bni4 at one or more of the substituted residues.
Because the severity of the phenotype associated with overexpression of the alanine mutant in WT is less than that seen in the pcl1⌬pcl2⌬ strain overexpressing wild-type BNI4, it is possible that Pcl1, Pcl2-Pho85 phosphorylates Bni4 at additional residues or that Pcl1, Pcl2-Pho85 regulates other proteins that contribute to the toxicity of overexpressed BNI4. To confirm that the growth defect was a consequence of defective morphogenesis, we examined the morphology of these strains. Wild-type cells expressing WT BNI4 had normal bud morphology. However, pcl1⌬pcl2⌬ cells overexpressing WT BNI4 and WT cells overexpressing bni4-10A exhibited elongated bud phenotypes ( Figure 5B ) similar to DIC and fluorescence microscopy analysis of Bni4-mCitrine levels at the bud neck in strains of WT, cln1⌬, cln2⌬, cln1⌬cln2⌬, pcl1⌬, pcl2⌬, pcl1⌬pcl2⌬ , and pho85⌬. Cultures were grown to mid-log phase and imaged by fluorescence microscopy. Fluorescence levels at the bud neck were quantified and normalized to wild-type levels. n Ն 55. Error bars represent SD. Bar, 3 m.
that observed in pcl1⌬pcl2⌬ strains expressing pGAL-GST-BNI4 ( Figures 2B and 5B, bottom) . Our finding that the wild-type strain overexpressing bni4-10A partially phenocopies the pcl1⌬pcl2⌬ strain overexpressing wild-type BNI4, suggests that Pcl1, Pcl2-Pho85 phosphorylates Bni4 at some of the residues tested.
Because Bni4 localization to the bud neck was reduced in pcl1⌬pcl2⌬ and pho85⌬ strains, we next asked whether bni4-10A had the same localization defect by examining the localization of bni4-10A fused to GFP under the control of its endogenous promoter. Like WT Bni4-GFP in the pcl1⌬pcl2⌬ strain, the GFP signal associated with bni4-10A was only weakly detectable in the bud neck compared with the Bni4-GFP signal we observed in WT cells, although cells still maintained a normal morphology ( Figure 5C ). Even less GFP signal was present at the bud neck in the WT strain expressing bni4-10A-GFP than was seen in pcl1⌬pcl2⌬ BNI4-GFP, suggesting that phosphorylation at these S/TP sites, by one or more kinases in addition to Pcl1, Pcl2-Pho85, may contribute to Bni4 localization. The disappearance of Bni4 from the bud neck was due to mislocalization rather than degradation because all the strains had the same amount of full-length Bni4-GFP as assayed by anti-GFP Western blot ( Figure 5C ). A partially redundant role for another kinase is also consistent with our cell cycle Western analysis of Bni4, where we still saw evidence of residual Bni4 phosphorylation at the G1/S transition in a pcl1⌬pcl2⌬ strain ( Figure 3A) . We next examined the phosphorylation level of the bni4-10A mutant by Western blot, looking at points in the cell cycle when the Bni4 phosphoshift had been detected previ- Cultures of wild-type strain, wild-type strain containing vector, or GAL-driven plasmid with BNI4, pcl1⌬pcl2⌬ strain containing vector or a GALdriven plasmid with BNI4, a wild-type strain containing a GAL-driven plasmid with bni4-10A, and a pcl1⌬pcl2⌬ strain containing a GALdriven plasmid with bni4-10A were serially diluted and plated on SD-ura (left) and SG-ura (right, inducing the overexpression of BNI4) and incubated for 2 d at 30°C. To the right are DIC images showing morphology changes in cells in which BNI4 or bni4-10A overexpression has been induced for 4 h. (C) Strains expressing WT BNI4-GFP, pcl1⌬pcl2⌬ BNI4-GFP, or WT bni4-10A-GFP, with BNI4 under the control of its own promoter, replacing the endogenous gene, were grown in SD medium and Bni4 localization to the bud neck was examined using DIC and fluorescence microscopy. Cultures were grown to mid-log phase. Fluorescence levels at the bud neck were imaged by fluorescence microscopy and quantified by Velocity software, n Ն 55. Western blot analysis of these cultures is shown at the bottom, along with extract from a BNI4-TAP strain, as a negative control. The top panel was probed with anti-GFP antibody. The bottom panel shows a portion of the same polyacrylamide gel used for Bni4-GFP detection, but was probed with anti-Swi6 antibody as a loading control. The top graph shows relative Bni4-GFP at the bud neck quantified from micrographs as described in Figure 4 . The bottom graph shows relative total cellular Bni4-GFP quantified by western blot and normalized to Swi6 levels. (D) Cell-cycle western blot of cultures of pGAL-CDC20 WT BNI4-TAP, pGAL-CDC20 pcl1⌬pcl2⌬ BNI4-TAP, or pGAL-CDC20 WT bni4-10A-TAP. Samples were analyzed from cultures taken at 10-min intervals from 40 min to 60 min after release from metaphase arrest. The top panel shows Bni4-TAP as detected by PAP complex (PAP). The label Bni4-P-TAP, to the right of the blot, refers to Bni4 phosphoforms, which are undetectable in the bni4-10A-TAP strain. The bottom panel shows a portion of the same polyacrylamide gel used for Bni4-TAP and bni4-10A-TAP detection but was probed with anti-Swi6 antibody as a loading control.
ously ( Figure 5D ). As observed previously, in wild-type cells, phosphoforms of Bni4 were apparent 50 -60 min after release from a CDC20 block ( Figure 5D, left) . In contrast, in the pcl1⌬pcl2⌬ strain with wild-type Bni4 and in the wildtype strain with bni4-10A, little or no phosphorylated Bni4 was detectable ( Figure 5D , middle and right). Because bni4-10A gives no detectable phosphoshift compared with wildtype Bni4, it is clear that some of the sites of phosphorylation of Bni4 by Pcl1, Pcl2-Pho85 must be located within the ten conserved residues. However, because many phosphorylation events do not lead to a phosphoshift, it is possible that Bni4 is additionally phosphorylated at residues that were not substituted in the 10A mutant. Indeed this possibility is supported by the finding that overexpressed bni4-10A is more toxic in pcl1, pcl2 than in wild type, which suggests that Pcl-Pho85 phosphorylates additional sites in Bni4.
Overexpression of BNI4 in pho85⌬ Disrupts the Septin Ring Structure at the Bud Neck
Our genetic analysis revealed that in the absence of PCL1, PCL2, or PHO85, there was decreased Bni4 localization to its native site at the bud neck (Figures 4 and 5C ) and overexpression of BNI4 caused cell polarity problems ( Figure 2B ). Because Bni4 is not essential, the defect in pcl1⌬pcl2⌬ cells overexpressing BNI4 is not due to the absence of Bni4 at the bud neck. Rather, we predicted that Bni4 may be titrating some essential component away from the bud neck with a consequent disastrous effect on cell morphology (Hartwell, 1971; Barral et al., 1999; Longtine et al., 2000) .
To test this hypothesis, we designed a screen to examine the localization of GFP-tagged bud neck proteins in cells lacking PHO85 and overexpressing BNI4. First, we assembled an array of 94 strains carrying GFP-tagged proteins reported to localize to the bud neck or bud tip (Huh et al., 2003) , which we refer to as the BNT-GFP array. Then, we used the SGA method to introduce both a pho85⌬ allele and a pGAL-GST-BNI4 plasmid into the BNT-GFP array. We also created two control arrays: 1) pho85⌬ BNT-GFP carrying vector and 2) WT BNT-GFP carrying pGAL-GST-BNI4. After inducing BNI4 overexpression for 4 h, we examined the localization of BNT-GFP by using a high-throughput microscope. We then focused on the analysis of 32 proteins that maintained their proper localization in the two control arrays (data not shown).
Localization of the 32 proteins in control strains can be divided into three groups: I) bud neck only, II) bud tip only, and III) both bud tip and bud neck. We included bud tip proteins because polarization cues are required for both bud neck and bud tip localization, and we wanted to ask whether overexpression of mislocalized BNI4 had more general effects on proteins that respond to polarity signals. Because overexpressing BNI4 in the absence of PHO85 leads to elongated buds and abnormal morphology, we looked at localization of BNT-GFP proteins only in cells with abnormal morphology. We found that all 22 bud-neck-localized proteins, including all septin proteins (e.g., Shs1-GFP, Cdc11-GFP), lost their bud neck signal in the pho85⌬ strain overexpressing BNI4. The GFP signals of these proteins either became undetectable (e.g., Bnr1-GFP) or improperly localized (e.g., Cdc11-GFP; Figure 6B , top). In addition, we noticed that three proteins that were localized to the bud tip in a WT strain, e.g., Bem1-GFP, still remained at the bud tip even though the morphology of the cells was abnormal with extremely elongated buds ( Figure 6B, middle) . In a WT strain background, some proteins localized to the bud tip initially and then migrated to the bud neck later in the cell cycle (class III; e.g., Skg3-GFP). These proteins remained at the bud tip at all times and were never found at the bud neck in a pho85⌬ strain with BNI4 overexpressed (Figure 6B , bottom). In summary, each of the 29 group I or group III proteins, which localized to the bud neck in our control strains, was no longer found at the bud neck in a pho85⌬ strain with overexpressed BNI4. This result suggests that the essential structure of the bud neck must be severely perturbed by expression of misregulated BNI4.
Septins Mislocalize Together with Bni4
To determine whether it was the septins that were titrated away from the bud neck by Bni4 in the absence of Pcl1, Pcl2-Pho85, we constructed a pcl1⌬pcl2⌬ CDC11-RFP strain carrying a pGAL-BNI4-GFP plasmid, which allowed us to observe the Cdc11-RFP and Bni4-GFP signal at the same time. As controls, we also constructed strains of WT CDC11-RFP cells carrying pGAL-BNI4-GFP and pcl1⌬pcl2⌬ CDC11-RFP with BNI4-GFP under control of its endogenous promoter. After inducing BNI4-GFP overexpression for 4 h, we examined these cells by using confocal microscopy.
We saw the expected cell cycle-dependent changes in the septin ring structure in the two control strains (WT CDC11-RFP with BNI4-GFP overexpression and pcl1⌬pcl2⌬ CDC11-RFP with endogenous level of Bni4-GFP; Figure 7 ). As expected, the Bni4-GFP ring structure occurred in the early cell cycle, before budding and Bni4 was localized to the mother side of the cell using the septin ring as a reference (Figure 7 , top, GFP channel), consistent with previous findings . Bni4-GFP formed a double ring structure at later cell cycle stages (Figure 7) . Persistent localization of Bni4-GFP at the bud neck suggests that Bni4 may have a role in bud neck function throughout the cell cycle.
In the pcl1⌬pcl2⌬ CDC11-RFP strain carrying pGAL-BNI4-GFP, we observed proper septin ring and Bni4 ring structures at the bud neck at early cell cycle stages after shift to galactose-containing medium to induce BNI4 expression (data not shown). However, as expected from our earlier experiments, when BNI4 overexpression was induced for 5 h, abnormal morphology was observed in most cells. Among those cells with abnormal morphology, normal septin ring structures were not seen. Rather, the Cdc11-RFP signal was mislocalized to various places along the bud neck and in some cells, it seemed to localize in blobs (but not rings) where the bud neck should be (Figure 7 , bottom, red fluorescent protein [RFP] channel). More importantly, we noticed that almost all of the mislocalized septin colocalized with the Bni4-GFP signal (shown as yellow in Figure 7 when GFP and RFP signals overlap). If the disruption of the septin ring structure were an indirect consequence of changes in the stability of the bud neck structure due to BNI4 overexpression, we might expect to see septin-related RFP signal distinct from Bni4-GFP signal (red only on overlaid image). However, all of the Cdc11-RFP signal overlapped with Bni4-GFP, suggesting that all mislocalized septin is accompanied by Bni4. This suggests that overproduced Bni4 is interacting with the septins directly, consistent with a role for Bni4 phosphorylation in preventing inappropriate interactions with the septin ring.
DISCUSSION
The accurate spatial and temporal coordination of cell polarization with DNA replication and segregation guarantees the fidelity of genetic transmission. A previous study from our laboratory revealed that a buildup or burst of G1 Cdk activity, through activation of the cyclin genes CLN1, CLN2
and PCL1, PCL2, is essential for cell morphogenesis (Moffat and Andrews, 2004) . Although a few substrates of G1 cyclins that regulate cell polarity have been identified, the specific morphological events that require G1 Cdks are still not clear. Previous studies have connected G1 Cdks to activation of the Cdc42 GTPase module that is required to establish cell polarity (Lenburg and O'Shea, 2001; Moffat and Andrews, 2004; Sopko et al., 2006) . One of the septins, Shs1, also has been identified as a substrate of G1 cyclins (Egelhofer et al., 2008) and its phosphorylation is required for proper formation of the bud neck (Egelhofer et al., 2008) . Previous studies also found other substrates of G1 cyclins, such as Rga2 and Gin4, that contribute to the regulation of cell polarity (Gladfelter et al., 2004; Sopko et al., 2007) .
To discover new targets of G1 Cdks related to their role in cell polarity, we devised an approach that makes use of complementary functional genomic screens to place potential substrates in the Cln-Cdc28 or Pcl-Pho85 pathways. We used the SGA method to screen pairwise deletions of the G1 cyclins for both synthetic lethal or synthetic dosage lethal interactions. Systematic analysis of SL interactions by using SGA has proven an effective method to identify genetic interactions between parallel regulatory pathways (Tong et al., 2001 (Tong et al., , 2004 , whereas SDL interactions tend to occur among components of the same pathway. Specifically, from our previous studies, we predicted that genes whose overexpression causes lethality in the absence of a kinase may encode substrates of that kinase (Sopko et al., 2006) . We therefore reasoned that targets of either Cln1, Cln2-Cdc28 or Pcl1, Pcl2-Pho85 would be enriched among genes that showed a specific pattern of genetic interaction: SDL with deletion of the cognate kinase genes (for example, pcl1⌬pcl2⌬) and SL with genes encoding kinases in the redundant pathway (cln1⌬cln2⌬ in this example). We note that this approach is conceptually extendable to any set of genetically redundant regulators. Overexpression of BNI4 was induced by adding galactose to a log phase culture and incubating at 30°C for 4 h. The GFP signal in these cultures was examined by high-throughput microscopy. Figure 7 . Colocalization of Bni4 and septin proteins. WT CDC11-RFP and pcl1⌬pcl2⌬ CDC11-RFP strains carrying pGAL-BNI4-GFP or vector were grown in medium containing galactose for 4 h and observed using confocal microscopy. Cells were photographed using the DIC, GFP channel, RFP channel, and GFP/RFP overlaid. The RFP signal was switched to red using Volocity software to assist in viewing. Bars, 10 m.
BNI4 showed the pattern of genetic interaction we predicted for substrates of Pcl1, Pcl2-Pho85, a possibility we explored further with a variety of biochemical and cell biological assays. Bni4 has been reported previously to be localized to the bud neck (DeMarini et al., 1997; and is thought to function as a scaffold protein because a strain deleted for BNI4 exhibits defects in tethering Chs4, the regulatory subunit of chitin synthase III, to the site of bud emergence (DeMarini et al., 1997; Kozubowski et al., 2003) . Deletion of BNI4 leads to a chitin deposition defect (DeMarini et al., 1997; Kozubowski et al., 2003; Sanz et al., 2004) , consistent with its role in chitin metabolism regulation; however, cells lacking BNI4 still have a proper septin ring structure throughout the cell cycle (Longtine et al., 1996) , with almost normal morphology. Therefore, the presence of Bni4 is not essential for septin ring structure and cell cycle progression.
Our observation, that overexpression of BNI4 in the absence of PCL1, PCL2 causes severely abnormal morphology, reveals that Bni4 function needs to be tightly regulated by G1 cyclins. Overexpression of BNI4 has been reported to cause an elongated bud phenotype even in a WT strain (DeMarini et al., 1997; Kozubowski et al., 2003) ; however, in our experiments overproducing Bni4 with no tag, an Nterminal GST tag, or a C-terminal GFP tag (Figures 5 and 7) , we observed little or no morphology defect. This variability could reflect the strain background used in our assays, which differs from that used in previous studies. Regardless, we observed a severe abnormal morphology when Bni4 was overproduced in a pc1l⌬pcl2⌬ background, reminiscent of the morphology of cells with defects in septin organization observed by other groups (Longtine et al., 1996; DeMarini et al., 1997; Mino et al., 1998; Richman et al., 1999; Gladfelter et al., 2001) , suggesting that Bni4 helps to maintain the septin ring structure at the bud neck.
To investigate the mechanism of the morphology change we observed in pc1l⌬pcl2⌬ cells overexpressing BNI4, we first studied whether the phosphorylation of Bni4 is regulated by G1 cyclins, and then we examined how phosphorylation of Bni4 affects polarity regulation. Bni4 has been identified previously as a phosphoprotein (Kozubowski et al., 2003) ; however, the kinase responsible for the phosphorylation of Bni4, and its associated biological function was unknown. We have produced several lines of evidence that Pcl1, Pcl2-Pho85 phosphorylates Bni4. First, hyperphosphorylation of Bni4 occurs around the time of the G1/S transition, when Pcl1, Pcl2-Pho85 activity is at its peak, and this hyperphosphorylation is dependent on PCL1, PCL2 ( Figure  3A) . Second, BNI4 has an SL interaction with CLN1, CLN2 and an SDL interaction with PCL1, PCL2 (Figure 1 ), suggesting that Bni4 may be a downstream target of Pcl1, Pcl2-Pho85. Third, Pcl1-and Pcl2-Pho85 are able to phosphorylate Bni4 in vitro ( Figure 3B ). Fourth, Pcl1 and Pcl2 and Bni4 localize to the bud neck (Huh et al., 2003; Gladfelter et al., 2005; Sopko et al., 2007) , and Pcl1 associates with Bni4 in vivo in a pulldown assay ( Figure 3C ).
The proper localization of Bni4 is regulated by Pcl1, Pcl2-Pho85, suggesting positive regulation by the kinase. SDL interactions can result from several different scenarios. One possible mechanism for SDL involves overexpression of a gene in the absence of its upstream negative regulator, as has been shown with some Pho85 substrates (Sopko et al., 2006) . Our experiments provide an example of an additional mechanism that could cause SDL. As shown in our study of Bni4 regulation, phosphorylation of Bni4 serves as a positive signal to maintain its proper localization at the bud neck. In the absence of this regulation, overproduced Bni4 disrupts the structure of septins by titrating septins away from the bud neck, causing an SDL phenotype.
We predict that at least one additional kinase phosphorylates Bni4, because the defect we observed in bud neck localization of Bni4 in the pcl1⌬pcl2⌬ and pho85⌬ strains was less severe than the localization defect of bni4-10A mutant in a WT strain. Furthermore, although it was considerably reduced, we observed a residual Bni4 phosphoshift in the pcl1⌬pcl2⌬ strain. The bud neck kinase Hsl1 plays a role in negatively regulating the localization of Bni4 to the bud neck. Regulation of Bni4 by Hsl1 is likely indirect because an hsl1⌬ strain does not show reduced phosphorylation of Bni4 (Kozubowski et al., 2003) . Another candidate G1-specific kinase is Cln1, Cln2-Cdc28. However, we think the interaction between CLN1, CLN2 and BNI4 is also likely to be indirect for the following reasons. First, the phosphoshift of Bni4 in G1 was observed in a cln1⌬cln2⌬ GAL-CLN3 strain (Kozubowski et al., 2003) , suggesting that CLN1 and CLN2 are not required for Bni4 phosphorylation. Second, we found that in a cln1⌬cln2⌬ strain Bni4 localization to the bud neck was not reduced, and even showed some increase over WT (Figure 4 ). Third, Bni4 was not efficiently phosphorylated in vitro by Cln2-Cdc28 ( Figure 3B ). More work will be required to discover kinases in addition to Pcl-Pho85 that phosphorylate and regulate Bni4.
Our cell biological and genetic work supports a functionally significant role for Bni4 phosphorylation. First, phosphorylation of Bni4 by Pcl-Pho85 is required for its bud neck localization. Second, in the absence of phosphorylation, either from deleting the kinase or expressing a phosphorylation site mutant, overproduction of Bni4 results in disruption of the bud neck structure. In addition, the phosphorylation status of Bni4 corresponds well with its localization to the bud neck throughout the cell cycle. Bni4 is hypophosphorylated in early G1 when it is only weakly detectable at the bud neck, and becomes hyperphosphorylated in late G1 just before bud emergence, at which time it first localizes to the incipient bud site. Bni4-GFP levels at the bud neck fall at cytokinesis, at which time it is hypophosphorylated (Kozubowski et al., 2003, Figure 5 ). Previous studies found that the phosphatase Glc7 binds to Bni4 and that the Bni4 -Glc7 complex is required for efficient bud neck localization of both proteins (DeMarini et al., 1997; Kozubowski et al., 2003) . Bni4 acts as a targeting subunit for Glc7 to direct chitin synthesis to the bud neck (Larson et al., 2008) , but there is no evidence that association with Glc7 regulates Bni4 phosphorylation in a cell cycle-dependent manner because Bni4 seems to be hyperphosphorylated during the time it is associated with Glc7 (Kozubowski et al., 2003) .
Although Bni4 is not essential, its failure to localize to the bud neck is detrimental, raising the question of what important cellular function is affected by reducing proper Bni4 localization. The abnormal cell biological phenotype associated with the SDL interaction between BNI4 and PCL1, PCL2 reveals some clues. Specifically, our survey of bud necklocalized proteins revealed a general defect in localization of proteins to the bud neck when BNI4 was overexpressed in a pho85⌬ background (Figure 6 ), suggesting that the essential structure of the bud neck has been perturbed. One possibility is that Bni4 physically interacts with some bud neck protein to help establish or maintain the proper bud neck structure. When Bni4 is overexpressed and inappropriately regulated (in a pcl1⌬pcl2⌬ strain), Bni4 fails to localize to the bud neck and may titrate away an important bud neck component, leading to the severe phenotype we observed. We observed colocalization between overproduced Bni4-GFP and Cdc11-RFP in a pcl1⌬pcl2⌬ strain suggesting that the primary "titrated" component may be the septins, consistent with a known two-hybrid interaction between Bni4 and the septin Cdc10 (DeMarini et al., 1997) .
CONCLUSION
It has been shown previously that Bni4 is required for Chs4 localization to the bud neck (DeMarini et al., 1997) and for regulation of the localization of the phosphatase Glc7. In this work, we show that Bni4 also has a role in regulating the dynamic changes of the septin ring. Phosphorylation of Bni4 by G1 Cdks, and possibly other kinases, regulates the localization of Bni4 and may influence its binding affinity for other proteins.
